In situ generation of chlorine dioxide to reduce microbial populations on produce surfaces has been shown to be effective on produce models. This study examined the treatment for decontamination of bacterial pathogens on whole cantaloupes and sprout seeds. Whole cantaloupes, mung beans, and alfalfa seeds were inoculated with Salmonella, Listeria monocytogenes, and Shiga toxin-producing Escherichia coli, sprayed with or dipped in 0.4 to 1.6% sodium chlorite (NaClO 2 ) solutions, dried, and treated with 6 mM hydrochloric acid (HCl; sequential treatment). Controls were samples treated with NaClO 2 or HCl (individual treatment). The pathogen populations on samples before and after treatments were enumerated to determine the reductions of pathogen populations by the treatments. The methods of applying NaClO 2 and HCl (dipping for 30 min or spraying 0.2 g on cantaloupe rind [2 by 2 cm]), NaClO 2 concentrations of 0.4 to 1.6% for cantaloupes, and treatment times of 5, 15, and 30 min for sprout seeds were evaluated to identify treatment parameters. For cantaloupes treated with spraying with 1.6% NaClO 2 , the sequential treatment caused significantly (P , 0.05) higher reductions (6.2 to 7.7 log CFU/cm 2 ) than the combined reductions (3.2 to 5.2 log CFU/cm 2 ) by the individual treatments. For cantaloupes treated by dipping in 1.6% NaClO 2 and by spraying with 0.4 and 0.8% NaClO 2 , the reductions caused by the sequential treatment were not significantly (P . 0.05) different from those by the individual treatments. For mung beans, sequential 15-and 30-min treatments caused significantly (P , 0.05) higher reductions of 4.3 to 5.0 and 4.7 to 6.7 log CFU/g, respectively, than the individual treatments. The sequential 15-min treatment also caused high reductions of 5.1 to 7.3 log CFU/g on alfalfa seeds. The treatments did not bleach the color of cantaloupes and did not affect the germination rates of mung beans and alfalfa seeds. This study identified 1.6% NaClO 2 and 6 mM HCl for sequential spraying treatment for cantaloupes and for sequential dipping (15-min) treatment for mung beans and alfalfa seeds that may be used for decontamination of whole cantaloupes and sprout seeds.
Fruits and vegetables are an essential part of a healthy diet, and their consumption has increased steadily. However, the increased consumption is accompanied by increased cases of foodborne illnesses caused by fresh produce contaminated with pathogenic microorganisms such as Shiga toxin-producing Escherichia coli (STEC), Salmonella spp., and Listeria monocytogenes (8) . When performed according to the standard operating procedure, the cleaning and sanitizing steps in fresh produce processing were effective in reducing contaminated pathogenic microorganisms on the produce. Although chlorinated water remains the most widely used sanitizer for decontamination of produce, alternative decontamination methods including the use of ozone (36) , pulsed light (22, 49) , plasma (5, 29) , ionizing irradiation (13, 46) , high hydrostatic pressure (27) , ultrasound (20, 26) , and chemicals, such as chlorine dioxide (ClO 2 ) (42), and organic acids (5) , have been investigated.
Among these methods, the use of ClO 2 presents several advantages. Its oxidation potential (1.57 V) is higher than that of chlorine (1.36 V); hence, it has higher antimicrobial activity (28) . It has lower reactivity with certain organic matters than chlorine to form chlorinated by-products (12, 34, 40) . In addition, ClO 2 can inhibit enzymatic browning (9) and is less corrosive than chlorine (30) .
Chlorine dioxide is commonly used in gaseous or aqueous forms for fumigating or washing produce (17, 25, 31, 39) . Hwang et al. (19) proposed a new approach to form ClO 2 on produce surfaces (in situ generation) for decontamination of microorganisms on the surfaces. It is a twostep procedure consisting of applying sodium chlorite (NaClO 2 ) to produce surfaces and then applying hydrochloric acid (HCl) to react with NaClO 2 to form ClO 2 (sequential treatment). This may allow the formation of ClO 2 on the surfaces and within cracks and crevices of produce to inactivate microorganisms. It has been shown to be an effective decontamination treatment for cantaloupe rinds, pieces of tomato scar, and cucumber peels (19) . The treatment sequentially applied 1.6% NaClO 2 and 6 mM HCl (0.05% of 12 M HCl) to these samples and caused 5.1-to 5.6-log reductions of Salmonella and L. monocytogenes, which were significantly higher than treatments using only NaClO 2 or HCl (19) . Oxidizing chemicals in water used for cleaning and sanitizing require high concentrations to maintain an effective dose because they react prematurely with reducing agents in the water. Compared with aqueous or gaseous ClO 2 , the sequential treatment may be more efficient due to ClO 2 being formed only on the surfaces where microbial cells are located, whereas aqueous or gaseous ClO 2 has first to reach the effective concentration in the water or air. In this treatment, NaClO 2 is first applied to produce surfaces; therefore, no acids should present at this stage to prematurely react with NaClO 2 . Accordingly, the treatment is more suitable for produce with rigid structure and surfaces that are less prone to damage and leakage of produce juice that is acidic. Whole cantaloupes and sprout seeds are suitable candidates for this treatment. The net-like rind of cantaloupes harbors microorganisms that are difficult to clean, and the fruit has been linked to outbreaks of foodborne illnesses (7) . For sprout seeds, the hila and seed coats provide areas for harboring pathogens that are difficult to clean (15) . The high sprouting humidity and temperature and long sprouting time provide favorable conditions for pathogens on the seeds to propagate as the seeds are sprouting (38, 45) . Between 2011 and 2016 in the United States and Europe, more than 200 cases of illnesses caused by Salmonella, L. monocytogenes, and STEC have been linked to the consumption of sprouts (14) . Therefore, there is a need to effectively decontaminate beans and seeds used for producing sprouts (45) . The objectives of this study were to examine the effectiveness of the in situ ClO 2 generation treatment for decontamination of Salmonella, STEC, and L. monocytogenes on whole cantaloupes and sprout seeds and identify the optimal treatment parameters, that is, NaClO 2 concentration, method of applying the chemicals to samples (spraying or dipping), and treatment time. ]) were obtained from the culture collection of the Eastern Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture (Wyndmoor, PA). A loopful of the stock culture of each strain was inoculated into 10 mL of brain heart infusion broth (BD, Franklin Lakes, NJ) and incubated at 378C for 6 h. Each strain was then inoculated into 10 mL of brain heart infusion broth and incubated at 378C for 24 h. A cocktail of each pathogen was prepared by mixing 1 mL of cell suspension from each strain to prepare a cocktail of approximately 9.0 log CFU/mL for use as inoculum.
MATERIALS AND METHODS
Chemicals. NaClO 2 (80% purity) was purchased from Sigma (St. Louis, MO), and HCl (12 M) was purchased from Thermo Fisher Scientific (Waltham, MA). The concentrations of NaClO 2 reported in this study took into consideration the purity of NaClO 2 : 1.6% (16,000 ppm) NaClO 2 solution was prepared by dissolving 20 g of NaClO 2 in 980 g of deionized water. The concentration of HCl was~6 mM, i.e., 0.5 g of 12 M HCl in 1 L of deionized water.
Sample inoculation. Cantaloupes (Cucumis melo var. reticulatus), mung beans, and alfalfa seeds were purchased from local grocery stores. For cantaloupes, the inoculation method was based on how the chemicals were applied to the surfaces, i.e., by dipping or by spraying. For dipping, whole cantaloupes were inoculated with individual pathogen cocktails by repeatedly brushing the inoculum on whole cantaloupes for 3 min with a 1in. (2.54-cm) paint brush. In a preliminary study, brushing bacterial suspension on cantaloupes was found to inoculate more bacterial cells than dipping cantaloupes in bacterial suspension. For spraying, whole cantaloupes were washed with tap water, decontaminated with 70% ethanol, and air dried under UV light. The additional washing and alcohol treatments for spraying application of chemicals were found to avoid mold growth on the selective agars for pathogen enumeration, which did not occur in the dipping application. Three squares (2 by 2 cm per square) on cantaloupe rind were inoculated with 200 μL of inoculum. For mung beans and alfalfa seeds, 15 g of beans or seeds was soaked in 50 mL of inoculum for 30 min. Inoculated samples were air dried at room temperature for (228C) 4 h in a biosafety cabinet.
Decontamination treatment. NaClO 2 and HCl were applied to the rind of cantaloupes by dipping or by spraying. For dipping application, an inoculated cantaloupe (~1,600 to 1,900 g) was first submerged in 3 L of 1.6% NaClO 2 solution in a 4-L Ziploc bag (S. C. Johnson & Son, Inc., Racine, WI) for 30 min, air dried, submerged in 3 L of 6 mM HCl solution in a 4-L Ziploc bag for 30 min, and air dried in a biosafety cabinet (sequential treatment). Inoculated cantaloupes were also dipped in 1.6% NaClO 2 or 6 mM HCl for 30 min and dried in a biosafety cabinet (individual treatment). With the advantages of using less water and chemicals, spraying the chemicals onto cantaloupes was evaluated. Three pathogen-inoculated areas (2 by 2 cm) on cantaloupe rind were sprayed with the chemicals by pressing the spray trigger of a 1-L spray bottle (Consolidate Plastics, Stow, OH) twice; the bottle was 15 cm away from the rind. The amount of NaClO 2 or HCl that was sprayed on an area (2 by 2 cm) was approximately 0.2 g, estimated by spraying the solutions onto a paper towel (2 by 2 cm) and weighed by an AE 240 analytical balance (Mettler Toledo, Columbus, OH). For sequential treatment, the inoculated cantaloupe surfaces were first sprayed with NaClO 2 solution, dried with a fan (model 530, Vornado Air LLC, Andover, KS), sprayed with HCl solution, and air dried at room temperature in a biosafety cabinet. Three concentrations of NaClO 2 were tested: 0.4, 0.8, and 1.6%. Control samples were treated with NaClO 2 or HCl. After treatments, the rinds of treated cantaloupes were visually inspected for color changes and compared with color of untreated cantaloupes. No discernible color changes were observed.
For mung beans and alfalfa seeds, treatment times of 5, 15, and 30 min were tested to identify the treatment time. Inoculated mung beans and alfalfa seeds (15 g) were first soaked in 50 mL of 1.6% NaClO 2 for 5, 15, or 30 min, dried, and then soaked in 50 mL of 6 mM HCl for 5, 10, or 15 min. Control samples were treated with NaClO 2 or HCl individually.
Microbial enumeration. Populations of Salmonella, STEC, and L. monocytogenes on inoculated samples before and after treatment were enumerated. For dipping treatment, three pieces of rind (2 by 2 by 0.1 cm) were removed from cantaloupes with a sterile scalpel for microbial enumeration. For spraying treatment, the rinds of the three treated areas (2 by 2 by 0.1 cm) on each cantaloupe were removed. For mung beans and alfalfa seeds, triplicate samples of 5 g each were used. Samples were mixed with 10 mL of sterile 0.1% peptone water (BD) in BagPage 100-mL bags (Interscience Inc., St. Nom, France) and pummeled in a BagMixer 100 Stomacher (Interscience Inc.) for 5 min. Additional 10-fold dilutions were made in sterile peptone water, and duplicate 0.1-mL aliquots were plated on xylose lysine Tergitol 4 (BD) agar for Salmonella, sorbitol MacConkey agar (BD) supplemented with cefixime and tellurite (Life Technologies, Carlsbad, CA) for STEC, and PALCAM Listeria agar supplemented with ceftazidime (BD) for L. monocytogenes. Plates were overlaid with tryptic soy agar (BD) to recover injured cells. The plates were incubated at 378C for 48 to 72 h. Typical colonies for each pathogen were counted and recorded as log CFU per square centimeter or CFU per gram. The differences in pathogen counts before and after treatments were reported as log reductions caused by the treatments.
Determination of seed germination rate. A proposed decontamination method for sprout seeds needs to consider its effect on germination rate. Therefore, the germination rates of treated samples were often determined to support the use of the proposed decontamination methods (3, 21) . To determine the effect of the sequential treatment on seed germination rate, approximately 100 treated or untreated mung beans and alfalfa seeds were placed in 500-mL beakers with four layers of paper towels moistened with tap water. The beakers were covered with Parafilm (Sigma) and kept at room temperature. Germinated seeds were counted to determine the germination rates. The evaluation was performed three times.
Statistical analysis. Pathogen reductions (log CFU) obtained from three trials with three samples, i.e., three cantaloupes and three portions of 15-g mung beans and alfalfa seeds in each trial, were analyzed by one-way analysis of variance (α ¼ 0.05) to determine the effect of treatment variables on the log reductions. The treatment means were compared using Tukey's multiple comparison test using SigmaPlot (Systat Software Inc., San Jose, CA)
RESULTS AND DISCUSSION
Cantaloupes. The initial populations of Salmonella, STEC, and L. monocytogenes on cantaloupe rind were 4.2 to 5.4 log CFU/cm 2 (Table 1 ). For chemicals that were applied to rinds by dipping, the sequential treatment caused reductions of 3.4 to 4.5 log, and the individual treatment of NaClO 2 and HCl caused reductions of 1.7 to 3.8 log and 1.4 to 2.7 log, respectively. The reductions caused by the sequential treatment were lower than the previously reported 5.2-and 5.1-log reductions of Salmonella and L. monocytogenes on cantaloupe rind (19) . The previous study used pieces of rind (2 by 2 cm) that were easier to handle and treat with the chemicals, which might result in the higher reductions (19) . The inoculation, treatment, and sampling of the whole cantaloupes generally produced large deviations in the recovery and enumeration of inoculated pathogen populations. The sequential treatment caused significantly higher reductions (P , 0.05) than the individual treatments, but not significantly higher (P . 0.05) than the combined reductions of the individual treatments ( Table 1 ). The dipping with NaClO 2 for 30 min contributed a large portion of the combined reductions of the individual treatments, indicating the long treatment time in NaClO 2 caused high reductions of the pathogens. This may be due to the active chlorine species generated through the dissociation of NaClO 2 and the reaction of NaClO 2 with hydrogen ions in water during the 30-min treatment time. The chlorine species reacted with microbial cells and caused NaClO 2 to release more chlorine species. This likely contributed to the higher reductions by the dipping treatment. The reductions for L. monocytogenes were the lowest among the pathogens tested, indicating L. monocytogenes was less sensitive to the treatments. L. monocytogenes has also been reported to show more resistance to chemical decontaminant than Salmonella on cantaloupe. Fu et al. (16) reported that 400 to 2,000 μg/mL ethyl lauroyl arginate reduced .2.0 log Salmonella Typhimurium on cantaloupe rind surfaces, whereas the highest concentration (2,000 μg/mL) reduced ,1.0 log L. monocytogenes.
The initial populations of Salmonella, STEC, and L. monocytogenes on cantaloupes that were spot inoculated were 5.5 to 7.7 log CFU/cm 2 (Tables 2 to 4 ). For individual spraying application, 1.6% NaClO 2 caused 2.5-to 4.5-log reductions, and 6 mM HCl caused 0.7-to 0.9-log reductions. The spraying of 1.6% NaClO 2 followed by 6 mM HCl caused reduction of 6.6, 6.2, and 7.7 log CFU/cm 2 of Salmonella, L. monocytogenes, and STEC, respectively ( Table 2 ). The sequential spraying treatment caused significantly higher reductions (P , 0.05) than the sequential dipping treatment (Table 1) as well as the combined reductions of the individual treatments ( Table 2) . As observed in the dipping treatment, L. monocytogenes was less sensitive to the chemical treatment than Salmonella and STEC. The use of lower NaClO 2 concentrations of 0.4 and 0.8% in sequential spraying treatment did not cause higher reductions than the combined reductions of the individual treatments (Tables 3 and 4 ). The sequential treatments caused only significantly higher reduction (P , 0.05) for STEC with 0.8% NaClO 2 and for Salmonella with 0.4% NaClO 2 . The results indicated that sequential treatment using 1.6% NaClO 2 and 6 mM HCl in spraying application could achieve effective reductions (.6.0 log) of Salmonella, L. monocytogenes, and STEC on cantaloupes.
It is well recognized that microorganisms located in cracks and crevices on the surfaces of produce are more difficult to be removed or inactivated by cleaning and sanitizing agents. Pathogens could also be introduced deep into stem scars and internalize in the fruit that rendered the commonly used cleaning and sanitizing agents less effective (4, 24) . The net-like surface of cantaloupe rind presents a large surface of deep cracks and crevices that harbor and protect microbial cells from cleaning and sanitizing agents. Studies applying chemical and physical treatments for decontamination of cantaloupes have been conducted and showed various effectiveness. Guzel process in which the whole cantaloupe was heated to 688C and reductions of Salmonella, E. coli O157:H7, and L. monocytogenes at 4.8, 4.5 and 4.1 log CFU/cm 2 , respectively, were observed. In general, heat treatments inactivated higher populations of pathogens on cantaloupe rinds than chemical treatments. This is expected as heat is conducted to the pathogens through the rind even if the pathogens are located inside scars, cracks, or crevices. However, air pockets in cracks and crevices may prevent the diffusion of chemicals into these areas and not enable contact with pathogens. In this study, the sequential spraying treatment using 1.6% NaClO 2 caused a .6.0-log a Reductions followed by different lowercase letters in the same row or uppercase letters in the same column are significantly different (P , 0.05). b Reductions by sequential treatment are not different from (~), higher than (.), or less than (,) the combined reductions by the individual treatments. 3.8 6 0.1 b C 0.9 6 0.0 a A a Reductions followed by different lowercase letters in the same row or uppercase letters in the same column are significantly different (P , 0.05). b Reductions by sequential treatment are not different from (~), higher than (.), or less than (,) the combined reductions by the individual treatments.
CFU/cm 2 reduction of Salmonella, STEC, and L. monocytogenes on cantaloupes, which was comparable to or more effective than reductions by the reported chemical and heat treatments. Applying decontaminants by spraying has been examined and used for decontamination of meat, poultry, and produce (2, 6, 33, 35, 47) with advantages such as reducing chemical use and delivering consistent chemical concentration to the surface to be decontaminated. The use of the sequential spraying treatment with NaClO 2 and HCl for industry-scale applications is highly feasible as the chemicals are inexpensive and spraying equipment is common cleaning equipment used in produce processing plants.
Mung beans and alfalfa seeds. The initial pathogen populations on mung beans were 5.6 to 6.6 log CFU/g ( Table 5 ). Using 1.6% NaClO 2 and 6 mM HCl in individual or sequential treatment, longer treatment times generally caused significantly higher reductions (P , 0.05) of pathogens. The sequential treatment, 1.6% NaClO 2 , and 6 mM HCl with 30-min treatment time caused 4.7-to 6.7-, 2.2-to 4.2-, and 0.2-to 0.9-log reductions, respectively, whereas the 15-min treatment caused 4.3-to 5.0-, 2.1-to 4.0-, and 0.4-to 0.7-log reductions. The reductions caused by the 15-min sequential treatment were not significantly (P . 0.05) different from those of 30-min treatment. The 5min sequential treatment caused 3.3-to 4.3-log reductions, which were significantly lower (P , 0.05) than those of 15and 30-min treatments ( Table 5 ). Overall, the sequential treatment caused significantly higher reductions (P , 0.05) than the combined reductions of the individual treatment, and the treatment times of 15 min achieved .4.0-log reductions of Salmonella, STEC, and L. monocytogenes on mung beans. The initial pathogen populations on alfalfa seeds were 6.3 to 7.4 log CFU/g ( Table 6 ). Since the ,1.0log reduction caused by 6 mM HCl and the 15-min treatment time for mung beans showed satisfactory levels of reductions (.4.0 log), alfalfa seeds were only tested with NaClO 2 and 15-min sequential treatment. The sequential treatment caused significantly (P , 0.05) higher reductions of 5.1 to 7.3 log than the reductions of 1.6 to 4.0 log by NaClO 2 treatment. The effects of aqueous ClO 2 and acidified NaClO 2 for decontamination of sprout seeds have been reported previously. Solutions of ClO 2 at 200 mg/mL and 50 mg/L were reported to reduce 3.8 and 0.96 log E. coli O157:H7 on radish and alfalfa seeds, respectively (21, 36) , and acidified NaClO 2 at 500 and 800 ppm reduced .2.0 log E. coli O157:H7 (40) and 3.9 log Salmonella (23) on alfalfa seeds. As observed for cantaloupes, L. monocytogenes was more resistant to the treatment than Salmonella and STEC on mung beans and alfalfa seeds.
The average germination rates were not significantly (P . 0.05) different between the treated and untreated mung beans (88% 6 2% versus 91% 6 4%, respectively) and treated and untreated alfalfa seeds (92% 6 4% versus 95% 6 3%, respectively), indicating that the treatment did not affect the germination rate. The sequential dipping treatment in 1.6% NaClO 2 and 6 mM HCl for 15 min showed that the decontamination method was capable of reducing .4.0 log Salmonella, STEC, and L. monocytogenes on mung beans and alfalfa seeds and maintaining the germination rate. In conclusion, the in situ generation of ClO 2 by sequential applications of NaClO 2 and HCl was effective in reducing populations of Salmonella, L. monocytogenes, and STEC on cantaloupes, mung beans, and alfalfa seeds. The treatment of sequential spraying with 1.6% NaClO 2 and 6 mM HCl for whole cantaloupes and sequential dipping in 1.6% NaClO 2 and 6 mM HCl for 15 min for mungs beans and alfalfa seeds may be used to increase the microbial safety of cantaloupes and sprouts. 3.5 6 0.2 a A a Reductions followed by different lowercase letters in the same row or uppercase letters in the same column are significantly different (P , 0.05). b Reductions by sequential treatment are not different from (~), higher than (.), or less than (,) the reductions by the individual treatments. 6.0 6 0.4 a C a Reductions followed by different lowercase letters in the same row or uppercase letters in the same column are significantly different (P , 0.05). b Reductions by sequential treatment are not different from (~), higher than (.), or less than (,) the combined reductions by the individual treatments. The combined reductions included an estimated 1.0-log CFU/g reduction by the 6 mM HCl treatment.
